Abstract. Collagens are the most abundant glycoproteins in the body. One characteristic of this protein family is that the amino acid sequence consists of repeats of three amino acids -(X-Y-Gly) n . Within this motif, the Y residue is often 4-hydroxyproline (HyP) or 5-hydroxylysine (HyK). Glycosylation in collagen occurs at the 5-OH group in HyK in the form of two glycosides, galactosylhydroxylysine (Gal-HyK) and glucosyl galactosylhydroxylysine (GlcGal-HyK). In collision induced dissociation (CID), collagen tryptic glycopeptides exhibit unexpected gas-phase dissociation behavior compared to typical Nand O-linked glycopeptides (i.e., in addition to glycosidic bond cleavages, extensive cleavages of the amide bonds are observed). The Gal-or GlcGalglycan modifications are largely retained on the fragment ions. These features enable unambiguous determination of the amino acid sequence of collagen glycopeptides and the location of the glycosylation site. This dissociation pattern was consistent for all analyzed collagen glycopeptides, regardless of their length or amino acid composition, collagen type or tissue. The two fragmentation pathways-amide bond and glycosidic bond cleavage-are highly competitive in collagen tryptic glycopeptides. The number of ionizing protons relative to the number of basic sites (i.e., Arg, Lys, HyK, and N-terminus) is a major driving force of the fragmentation. We present here our experimental results and employ quantum mechanics calculations to understand the factors enhancing the labile character of the amide bonds and the stability of hydroxylysine glycosides in gas phase dissociation of collagen glycopeptides.
Introduction
G lycosylation is recognized as one of the most biologically important post-translational protein modifications, being present on more than 50 % of secreted proteins [1] , and evidence suggests that it is involved in a multitude of physiological events, such as protein trafficking, secretion, scaffolding, protein-protein and cell-cell interactions. Consequently, there has been an increasing interest/demand to characterize this modification at the molecular level, and mass spectrometry has become the technique of choice to address such tasks. Despite, however, recent advances in analytical approaches and instrumentation, characterization of glycosylated residues in proteins at the glycopeptide level still presents a major analytical challenge. This is due to several factors: (1) glycosylation is heterogeneous, and a variety of glycoforms can be present at a specific site; (2) sites of modification are difficult to predict, especially for O-linked structures, for which no consensus sequence has been defined; (3) glycosylation often occurs non-stoichiometrically, and might be present at extremely low levels; (4) glycopeptides ionize poorly compared to non-modified peptides and, hence, the sensitivity of their detection in enzymatic mixtures might be greatly affected; (5) in collision induced dissociation (CID), the dominant (and sometimes exclusive) fragmentation pathway is the cleavage of the glycosidic bond. Many research groups have shown that some of these issues can be overcome by employing various strategies [2] [3] [4] [5] [6] [7] .
Tandem mass spectrometry (MS/MS) represents a key technique for the determination of modification sites in glycopeptides. For the most part, CID and electron capture-/ transfer-dissociation (ECD/ETD) provide complimentary information for glycopeptide characterization [8] [9] [10] [11] [12] . In CID, fragmentation of protonated glycopeptides occurs mainly at the glycosidic bonds yielding sugar oxonium ions and/or fragment ions arising from sequential loss of monosaccharides from the non-reducing glycan end. In many cases, the protonated molecule corresponding to the nonglycosylated peptide may be the only information about the peptide sequence. Fragment ions arising from amide bond cleavage can sometimes be identified after significant magnification of the corresponding region(s) in the MS/MS spectrum [4, 5, 13] . Often these low abundance ion can only be confidently used to verify the sequence of a known peptide.
In contrast to mucin-type O-glycosylation, characteristic of the majority of secreted proteins, O-linked glycosylation of hydroxylysine residues is specific to the collagen family and to a small number of serum proteins containing collagenous sequence motifs, such as complement c1q, mannose binding lectin, and lung surfactant proteins A and D [14] . The amino acid sequence of collagens is unique, consisting of repeats of three amino acids, -(X-Y-Gly) n -. When Y is occupied by Lys or Pro, these residues can be hydroxylated by enzymes from the lysyl hydroxylase and prolyl hydroxylase families, resulting in formation of 5-hydroxylysine (HyK) and 4-hydroxyproline (HyP) [15, 16] . The high content of Pro and HyP within the -(X-Y-Gly)-repeats is essential for stabilization of the collagen triple helix through interchain hydrogen bonds. HyK residues can also be substrates for the collagen modifying enzymes, hydroxylysine galactosyl transferases and galactosylhydroxylysine glucosyl transferases, resulting in the formation of the O-glycosylated structures galactosylhydroxylysine (GalHyK) and glucosyl galactosylhydroxylysine (GlcGalHyK) [17] [18] [19] [20] . The collagen proteins may contain varying amounts of Gal-HyK and GlcGal-HyK. The degree and pattern of collagen glycosylation varies depending on collagen types [21] , tissue types [22] [23] [24] and pathological conditions [25, 26] . For example, type I collagen is minimally glycosylated, containing, on average, one glycosylated HyK per 1000 residues, whereas type V collagen is heavily glycosylated, containing a 10-fold higher extent of glycosylated HyK than type I [27] .
Identification of the molecular loci of O-glycosylation in collagen was pioneered by Butler and Cunningham in the mid-1960s [28] using a combination of proteolytic and chemical degradation, acid hydrolysis, paper chromatography, and Edman sequencing. Modern approaches for collagen analysis are largely based on CNBr cleavage, size exclusion chromatography, and mass spectrometry [29] [30] [31] [32] [33] [34] [35] . Recently, Taga et al. reported a selective method for enrichment of collagen glycopeptides from a collagen tryptic digest using immobilized galactose oxidase, hydrazide chemistry and mass spectrometry [36] .
We previously employed liquid chromatography-tandem mass spectrometry (LC-MS/MS) to characterize the galactosylhydroxylysine glucosyl-transferase function of the enzyme lysyl hydroxylase-3 in the modification of type I collagen in mouse osteoblasts [37] . During this study, we observed that when fragmented by CID, collagen-derived tryptic glycopeptides exhibit unexpected gas-phase dissociation behavior compared with non-collagen glycopeptides (i.e., in addition to glycosidic bond cleavages, peptide bonds undergo extensive cleavages in CID as well). Furthermore, fragment ions formed by peptide bond cleavage retain, for the most part, the glycan moiety attached to the hydroxyl group of HyK. The majority of the amide bond cleavages occurred Nterminal to HyP and Pro. This is not highly unusual, because there have been reports of high relative abundance of amide bond cleavages N-terminal to Pro [38, 39] . However, in the present example, the specific cleavage of the 2-3 bond is the dominant fragmentation even though there are numerous HyP and Pro groups in the sequence of the collagen glycopeptides. Moreover, depending on charge state, fragmentation of the amide bonds and the glycosidic bonds become competitive. These atypical features enable amino acid sequence determination of the peptide, and identification of the glycosylation sites, such that additional fragmentation techniques (e.g., ETD) were found unnecessary. We present here our experimental results obtained in the MS/MS-based structural characterization of collagen glycopeptides. Furthermore, we employ these experimental observations as the basis for quantum mechanics calculations, to understand the factors enhancing the labile character of the amide bonds in gas phase dissociation of collagen glycopeptides.
Experimental

Materials and Methods
Formic acid was from Sigma Aldrich (St. Louis, MO, USA); acetonitrile from Caledon Laboratories, Ltd. (Georgetown, ON, Canada); TPCK-modified porcine trypsin from Promega (Madison, WI, USA). Deionized water was from an in-house Hydro Picopure 2 system (Durham, NC, USA). All chemicals were used without further purification unless otherwise specified.
Collagen was isolated from cell cultures and various tissues (bovine bone, skin, and cartilage) as described previously [40, 41] , separated by SDS-PAGE, trypsinized and analyzed by LC-MS/MS to characterize the glycosylation sites [37] .
UPLC-nanoESI-QToF analyses were performed on a nanoAcquity UPLC-QToF Premier mass spectrometer (Waters Corporation, Milford, MA, USA). The solvents were: 0.1 % formic acid in deionized water (solvent A), and 0.1 % formic acid in acetonitrile (solvent B). Following injection, the peptide mixture was trapped on a Symmetry C 18 column (5 μm, 180 μm×50 mm; Waters, Milford, MA, USA) at 2 % solvent B, for 5 min at 5 μL/min. Chromatography was performed on a C 18 Atlantis column (3 μm, 100 μm× 100 mm; Waters), at 300 nL/min and separation was achieved with a linear gradient from 2 to 40 % solvent B over 90 min. Mass spectrometric data were acquired using data dependent acquisition of the four most abundant ions, selected based on charge state criteria. For MS/MS a collision energy ramp from 20 to 40 V was employed. Instrument settings in the positive ion mode were as follows: capillary voltage: −3.5 kV, cone voltage 30 V, source temperature 80°C.
NanoHPLC-ESI-Ion trap analyses were performed on an Agilent 6340 ion trap (Santa Clara, CA) equipped with an HPLC ChipCube MS interface, an Agilent 1200 nanoHPLC and an electron transfer dissociation module, as described [10] .
Quantum mechanical calculations were performed by employing Gaussian 09 at the wB97-XD level of theory with the 6-311++G** basis set for: (1) H 3 N + -Gly-Gly-Xxx-NMe, where Xxx is successively HyP, then Pro or Ala as controls, and NMe is the C-terminal N-methyl group, and (2)
System (2) mimics the side chain of Gal-HyK, without the backbone moiety -NH-C α H-CO-. The labels β-ε indicate the position of each atom within the side chain of HyK. The initial protonation sites for each system were chosen based on the 'mobile proton' model [42, 43] .
Results and Discussion
The notations α-1 and α-2 indicate the two chains of type I collagen. For example, α-1 [76-90] indicates peptide [76-90] of the α-1 chain. The following abbreviations will be used throughout the manuscript: HyP -(2S, 4R)-4-hydroxyproline, HyK -(2S, 5R)-5-hydroxy-L-lysine, Gal-HyKgalactosylhydroxylysine, GlcGal-HyK -glucosylgalactosylhydroxylysine. In the discussion of the MS/MS data, the annotation 'y n -GlcGal' refers to the y n fragment ion(s), which have lost the GlcGal glycan, while the annotation 'y n ' refers to the glycosylated fragment ion(s).
CID of Collagen Glycopeptides: Fragmentation Pathways in Competition
To identify sites of glycosylation, a tryptic mixture of type I collagen was first analyzed by LC-MS/MS on a quadrupole ion trap. Using intensity based criteria for data dependent acquisition, collision induced dissociation spectra of the four most abundant ions were acquired [10] . Figure 1a . Based on previous knowledge of collagen structure [15, 16] , the following side chain modifications are consistent with the mass of this precursor ion: HyP 78, HyP 84, oxidized Met 86, and Gal-HyK 87. These modifications, however, cannot be unambiguously determined solely from this spectrum. The most abundant ions, observed as m/z 502.2 (3+) and 752.6 (2+), were assigned to glycosylated y 13 3+ and y 13 2+ . These arise from cleavage of the second amide bond from the N-terminus, between Leu 77-HyP 78 (i.e., the 2-3 amide bond). In addition to amide bond cleavage, ions arising from glycosidic bond cleavage were observed with lower relative abundance as m/z 448.2 (y 13 3+ -Gal) and 671.6 (y 13 2+ -Gal). The peptide [76-90] with GlcGal-HyK at residue 87 was observed as species of m/z 612.8 (3+) and 918.6 (2+), respectively. The ion trap CID spectra of these precursor ions are shown in Figure 1b and c. The identity and location of modifications cannot be fully determined, their assignment being based on known structural details of collagen [15, 16] . Similar to the fragmentation of the 3+ charge state of the Gal-HyK containing glycopeptide [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] (Figure 1a) , the major decomposition pathway in the MS/MS of m/z 612.8 (3+) corresponds to cleavage of the 2-3 amide bond, resulting in formation of the glycosylated y 13 ions of m/z 556.3 (3+) and 833.6 (2+). In contrast, the MS/MS of the 2+ precursor ion of m/z 918.6, (Figure 1c) , contains a large number of ions arising from both peptide-and glycosidic bond cleavages. Neutral loss of GlcGal represents the preferred fragmentation pathway in the MS/MS of the m/z 918.6 (2+) ion because the fragment ion of m/z 756.6 (2+), assigned as the de-glycosylated doubly protonated peptide [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] , represents the base peak in this spectrum. In addition, several C-terminal fragments showing loss of GlcGal were observed as ions of m/z 671.6 (y 13 2+ -GlcGal), 1000.1 (y 9 -GlcGal), 830.1 (y 7 -GlcGal), and 513.1 (y 4 -GlcGal). No y ions retaining the sugar moiety could be identified. Furthermore, neutral loss of 64 Da, corresponding to elimination of methanesulfenic acid (CH 3 SOH) from the oxidized methionine side chain, was observed from the y-ions that have already lost the glycan, giving rise to additional fragments of m/z 639.6 (y 13 2+ -GlcGal -CH 3 SOH), 936.1 (y 9 -GlcGal -CH 3 SOH), and 766.1 ( y 7 -GlcGal -CH 3 SOH).
Based on published literature, we expected that the dominant cleavage in the glycopeptide ions [76-90] would correspond to the glycosidic bond cleavage [44] [45] [46] [47] [48] . Hence, amide bond scission(s) and retention of intact glycosidic bonds on the fragment ions were unexpected. Under higher energy collision conditions in the QToF system, the highest abundance fragment ion was m/z 1326.51 (y 13 -GlcGal). The glycosylated ion y 13 (m/z 1650.59) was the second most abundant. These data suggest that the initial fragmentation event is the cleavage of the 2-3 amide bond with retention of GlcGal on the y 13 fragment ion. In the QToF, this fragment undergoes further fragmentation by sequential loss of the two monosaccharides, resulting in the base peak ion of m/z 1326.51 (Supplemental Figure S-1) .
In fact, cleavage of the 2-3 amide bond between Leu 77 -HyP 78 in glycopeptides [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] was observed in the MS mode as well, based on the presence of the ion of m/z 556.0 (3+) in the MS scan. The perfect overlap of the extracted ion traces for the +3 ions of m/z 612.8 and 556.0 (data not shown) which differ by GL (residues 76 and 77) confirms that the latter is most likely a fragment arising from in-source decomposition of the former. The high relative abundance in the MS of the ion of m/z 556.0 (3+) due to the in source decay of m/z 612.8 (3+) triggered the selection of the former for MS/MS (Supplemental Figure S-2) . The major fragmentation event in this spectrum is the neutral loss of GlcGal from the precursor ion, m/z 556.0 (3+)→ 671.6 (2+).
The MS/MS spectra shown in Figure 1 indicate that (1) in the MS/MS of the 3+ precursor ions, the cleavage rate of the 2-3 amide bond is higher than that of the glycosidic bonds; (2) the MS/MS spectra of the 3+ and 2+ precursor ions differ in the fragment ions observed; (3) the 3+ glycoforms, Galand GlcGal-HyK, of the peptide [76-90] fragment similarly in CID (i.e., the 2-3 amide bond cleavage prevails over the glycosidic bond cleavage). This suggests that the length of the glycan does not significantly influence the dissociation of the corresponding precursor ions.
It is noteworthy that two amide bonds between identical amino acids and N-terminal to HyP exist in peptide [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] [i.e., Leu 77 -HyP 78 (y 13 ) and Leu 83 -HyP 84 (y 7 )]. The amide bond Leu 77 -HyP 78 represents, by far, the preferred fragmentation pathway in the CID spectrum of the 3+ molecular ion because cleavage between Leu 83 -HyP 84 was observed only at elevated collision energies (Supplemental Figure S-1) . Of the MS/MS spectra discussed so far, the spectrum in Supplemental Figure S -1B is the most informative for peptide sequence determination. However, this spectrum resembles that of the nonglycosylated peptide ion and, with no identifiable diagnostic sugar ions, it is difficult to recognize this as the spectrum of a glycosylated species. A database search of this spectrum results in a falsepositive assignment. This example of glycopeptide fragmentation in the ion trap and QToF is similar to a published literature example of a mucine type O-glycopeptide [49] , where on the ion trap, in addition to the dominant glycosidic bond cleavages, some backbone fragmentation was observed. The major difference between this and our data is that, in our case, the dominant cleavage is the 2-3 HyP cleavage, and not the glycosidic bond.
Other Examples of Tryptic Collagen Glycopeptides CID Spectra
Studies of typical N-and O-linked glycosylated peptides have shown that, under certain conditions, peptide sequence can be derived from CID [45, 49, 50] . Key factors for the observation of backbone fragments include the nature of the charge carrier (H + versus Na + /Li + adducts), the number of ionizing protons, peptide length and glycan type (highmannose versus complex-type) [46] . To determine the extent and driving factors of amide bond fragmentation in collagen glycopeptides, we analyzed a number of QToF-MS/MS spectra obtained at defined collision energies. Different charge states of the same peptide(s) were observed to undergo significantly different fragmentations. These are The MS/MS spectrum of m/z 1384.633 (3+) (Figure 2e ) suggests that the dominant fragmentation is the loss of galactose from the triply protonated molecule (m/z 4151.90→3989.80). A significant number of glycosylated y ions were observed, few of which had relative abundances comparable to that originating from neutral loss of hexose from the precursor ion. In contrast, the spectrum of the 4+ precursor (Figure 2f ) contains mainly deglycosylated fragment ions and only a few lower abundance glycosylated species, suggesting that the former arose from the latter via multiple collisions.
Can a Rule be Derived for CID Fragmentation of Tryptic Collagen Glycopeptides?
The examples in Figures 1 and 2 suggest that precursor ions in the lower charge state are dominated by glycosidic bond cleavage, whereas those in higher charge states by amide bond cleavage. According to the mobile proton model [42, 43] , protons are classified as mobile (number of protons 9 number of Arg, Lys, His, and N-terminus), partially mobile (number of basic sites ≥ number of protons 9 number of Arg) and non-mobile (number of protons ≤ number of Arg). Glycopeptides α-1 [76-90] (Figure 1 ) are partially mobile, and those in Figure 2 are either 'fully mobile' in both 3+ and 4+ charges (Figure 2a-f) or 'partially mobile' (Figure 2c ). Based on this classification, however, it appears that no correlation exists between proton mobilities and preferred dissociation pathways in CID.
The results can be partially rationalized by considering the number of ionizing protons relative to the total number of Arg, Lys, HyK, and N-terminus. It appears that the amide bond cleavage is preferred when the number of protons is greater than the number of Arg, Lys, HyK and N-terminus, as demonstrated by the examples in Figure 2b and f. When the number of protons equals the number of sites, as is the case in Figure 1a and b, Figure 2a , d-e, and Supplemental Figure S-2, amide-and glycosidic bond cleavages compete for priority. In some examples, the amide bond clearly dominates (Figures 1a  and b, 2d) , whereas in others the glycosidic bond is preferred (Figure 2a, e) . This suggests that in these cases other factors also contribute. When the number of protons is less than the number of Arg, Lys, Hyl and N-terminus (Figures 1c and 2c) , glycosidic bond cleavages are almost exclusively observed. This observation is further supported by two examples shown in Figure 3 . The MS/MS of m/z 851.143 (4+) (Figure 3a) corresponds to mouse type I collagen α-1 [556-585] with four hexoses on two potential glycosylation sites, HyK 564 and HyK 573, and four ionizing protons on six sites (i.e., Nterminus, two Arg, two Hyl, and one Lys. The spectrum resembles that of a typical mucine O-glycopeptide because the sequential losses of hexose from the protonated molecular ion dominate, whereas amide bond cleavages are minimal. The assignment was made based on the MS/MS spectrum of another glycoform showing more backbone fragmentation. The MS/MS in Figure 3b was assigned to α-1 [556-573] with two hexoses and one glycosylation site, HyK 564. The large number of nonglycosylated backbone fragments and the nonglycosylated molecular ion suggest that the glycan loss is the first decomposition event. Three protons on four sites are present (i.e., N-terminus, one Arg, one Hyl, and one Lys). The spectrum resembles that of the nonglycosylated peptide, rendering automatic glycosylation site assignment impossible. Another example of a glycopeptide with four hexoses on two glycosites is shown in Supplemental Figure S-3 .
Hence, following modification of the mobile proton rules can be made for fragmentation of collagen tryptic glycopeptides: amide-and glycosidic bond cleavages compete with each other for dissociation in glycopeptides containing equal number of ionizing protons to the number of sites, whereas in those glycopeptides where the number of protons is greater, the amide bond is preferentially cleaved. In CID, the class of collagen O-glycopeptides exhibits unique characteristics compared to mucine type O-glycopeptides because their rate of amide bond cleavage can be higher than that of the glycosidic bonds. However, a direct comparison between the two classes cannot be made because of the differences in the nature of sugar acceptor (HyK versus Ser/Thr) and the attached sugars (Gal versus GalNAc). It is noteworthy that amide bond cleavages in mucine O-glycopeptides have been reported numerous times and sequencing was possible with location of the glycosylation sites [4, 5, 13, 49, 50] . The main difference between these published examples and collagen glycopeptides is that in mucine O-glycopeptides neutral loss of the sugars from the precursor ion represents, almost exclusively, the main dissociation channel.
Quantum Mechanics Calculations (QM)
To understand the unusual labile character of the 2-3 amide bond in glycopeptides [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] [90] , model tripeptides Gly-GlyXxx-NMe were employed for quantum mechanics calculations. Xxx was chosen as (2S, 4R)-4-hydroxyproline (HyP), and then Pro and Ala (as controls for cyclic versus alkyl side chains). One ionizing proton was initially assumed at the Nterminus of Gly-Gly-Xxx [43] . All possible conformers were optimized for each of the three N-terminally protonated systems, and various optimized conformations were subjected to mobilization of the ionizing proton from the N-terminus to the second amide nitrogen, as a first step in the fragmentation process [43] . One of the lowest energy structures of H 3 + N-Gly-Gly-HyP-NMe is shown in Figure 4a , with the closest hydrogen of the H 3 N + group being 2.9 Å away from the HyP amide nitrogen. Two hydrogen bonds of the Nterminus protons, one with the 4-OH group of HyP (1.98 Å) and one with the second amide oxygen (1.86 Å), stabilize this structure. In the optimized structures when Xxx is Pro and Ala, the closest distances between any N-terminal proton and the amide nitrogen of Xxx were found 3.3 Å and 3.9 Å, respectively. The energy profile for the proton transfer from the N-terminus to the amide nitrogen of HyP is shown in Figure 4b . The formation of a metastable H-bond between the protonated N-terminus and the nitrogen of the second amide bond is suggested by the plateau in the middle portion of the graph. No additional activation energy is needed for proton transfer. The energies required for proton transfer to the Xxx amide nitrogen were 15.9, 26.3, and 36.3 kcal/mol for HyP, Pro, and Ala, respectively.
The energy required to separate the two fragments at the amide bond Gly-Xxx was estimated using single point energies of the system at various distances of the Gly carbonyl carbon and Xxx amide nitrogen (Supplemental Figure S-4) . Note that the starting conformation is energy optimized, but the resulting fragments at various distances are frozen in their initial conformation. The calculations were performed for systems with the ionizing proton either on the N-terminus or on the Xxx amide nitrogen. In the first case, the energies required for fragmentation of the amide bond Gly-Xxx were 184.4, 200.2, and 198.3 kcal/mol for Xxx0HyP, Pro, and Ala, respectively. However, when the ionizing proton was mobilized at the Xxx amide nitrogen, the fragmentation energies were substantially lower (i.e., 96.6, 97.9, and 109.2 kcal/mol for Xxx0HyP, Pro, and Ala, respectively. This implies that the fragmentation pathway involving mobilization of the ionizing proton to the Xxx amide nitrogen is energetically favored compared with the pathway when the ionizing proton is at the N-terminus (i.e., (15.9+96.6) versus 184.4 kcal/mol for HyP, (26.3+97.9) versus 200.2 kcal/mol for Pro, and (36.3+109.2) versus 198.3 kcal/mol for Ala. In summary, our results support that the mobile proton mechanism facilitates the breaking of 2-3 amide bond and that the 'ease of fragmentation' is Hyp9Pro9Ala.
The unusual stability of the glycosidic bond in the hydroxylysine glycosides Gal-HyK and GlcGal-HyK is suggested by the MS/MS spectra shown in Figures 1 and  2 . A model system,
containing the side chain of hydroxylysine between β C-ε C (i.e., without the backbone moiety -NH-CαH-CO-) was used to determine how much energy is required to fragment the glycosidic bond. Initial protonation was assumed at the ε-amino group [42] with a galactosylated 5-OH group and a D-galactopyranose ring in a β-configuration. The β-CH2 group was capped with a hydrogen atom. The lowest energy conformation determined for this system is shown in Figure 4c . Two hydrogen bonds characterize this system, one between the proton of the ε-N + H 3 group and the OH group at C6 in the galactopyranose ring (1.77 Å), and the second one with the glycosidic oxygen (2.09 Å). After proton transfer to the glycosidic oxygen, the re-optimized new structure (Figure 4d ) was found 38.5 kcal/mol less stable than the initial structure (Figure 4c ). This value represents the minimal amount of energy necessary to mobilize the ionizing proton from the ε-N + H 3 group to the glycosidic oxygen. Next, fragmentation energies at the glycosidic bond in the systems shown in Figure 4c and d were determined. The system in Figure 4c requires 198.3 kcal/mol for fragmentation, while the system in Figure 4d requires only 78.9 kcal/mol. When combining the proton transfer and the fragmentation energies, the resulting energy value of 117.4 kcal/mol is comparable to the calculated energies required for fragmenting the amide bond (112.5 kcal/mol for HyP and 145.5 kcal/mol for Ala). However, this value underestimates the true fragmentation energy of the glycosidic bond because the interactions of Gal with the peptide backbone were not considered in this simplified model. Owing to the large number of possible configurations, the sampling is time consuming. However, we analyzed one such configuration and found an additional 15 kcal/mol required for fragmentation. This suggests that under 'mobile proton' conditions, cleavage of the amide bond between Leu 77-Hyp 78 in glycopeptides [76-90] is probably favored over cleavage of the glycosidic bond in Gal-HyK. If the proton were mobilized to the glycosidic oxygen from another protonation site in the molecule, this would require coexistence of the ε-N + H 3 group and the protonated glycosidic oxygen. This structure, however, is 97 kcal/mol less stable than the initial one, suggesting that population of this channel is highly unlikely. These combined results are further supported by an early publication reporting that the glycosides of hydroxylysine represent the final products of collagen degradation in humans [51] . This suggests that Gal-HyK and GlcGal-HyK are extremely stable under physiologic conditions, and that they can be used as biological markers of bone resorption [22] . 
Conclusion
We combined experimental results and theoretical studies to explain some remarkable features observed in the MS/MS spectra of tryptic collagen glycopeptides. The energy values determined using quantum mechanics calculations support our interpretation of the MS/MS data and proved helpful in understanding the gas-phase dissociation behavior of protonated collagen glycopeptides.
